Melanocortin-4 receptors (MC4Rs) are involved in the regulation of food intake, sympathetic nervous activity, and adrenal and thyroid function by leptin. 
L EPTIN, AN ADIPOCYTOKINE produced predominantly by adipose tissue, has been strongly implicated in the regulation of energy homeostasis (1) . The obese (ob) mutation in the leptin gene (Lep), described in 1950 (2) , is recessive and results in extreme obesity, hypercorticosteronemia, and type II diabetes (2, 3) . The Lep gene encodes a 167 amino acid secreted protein that normalizes appetite, reduces body weight, and restores insulin sensitivity of leptindeficient mice when administered peripherally or intracerebroventricularly (4 -7). The B6.V-Lep ob strain carries a C3 T mutation, converting codon 105 from arginine to a stop codon, resulting in a truncated inactive protein (1) . Serum leptin levels fall rapidly with caloric restriction, providing a signal of negative energy balance (3) . Lep ob /Lep ob mice exhibit many of the behavioral and neuroendocrine abnormalities associated with fasting, including reduced gonadal and thyroid function, and increased adrenal activity (3) . Most, if not all, of the regulation of food intake and metabolism by leptin are observed when recombinant protein is applied into the third ventricle (6) .
In the arcuate nucleus of the hypothalamus (ARC), neurons expressing proopiomelanocortin (POMC) or that coexpress neuropeptide Y (NPY) and agouti-related peptide (AgRP) are involved in the regulation of energy balance by leptin (8) . POMC and AgRP/NPY neurons project from the ARC to hypothalamic and extrahypothalamic sites within the brain involved in the regulation of neuroendocrine function, autonomic nervous activity, and ingestive behavior (9) . The two groups of neurons have opposing effects on feeding and metabolism. Leptin deficiency is associated with a modest reduction in Pomc expression and an increase in the expression of AgRP and Npy mRNA (10 -13). Mice heterozygous or homozygous for a null Pomc gene and humans with Pomc mutations are obese and hyperphagic (14) . Conditional knockout of the long form of the leptin receptor in POMC neurons also results in a modest increase in body weight (15 (16) . Melanocyte-stimulating hormones (MSHs), derived from the posttranslational processing of POMC, regulate appetite and energy expenditure primarily through the melanocortin-4 receptor (MC4R) (17, 18) . The stimulation of renal sympathetic nervous activity by ␣-MSH and by leptin is impaired in heterozygous and abolished in homozygous Mc4r mutant mice (19) . MC4Rs might also be involved in the stimulation of brown adipose tissue (BAT) thermogenesis by leptin (20) . Mice and humans bearing null mutations of the Mc4r gene or overexpressing agouti, an antagonist of the MC4R, exhibit an obese phenotype correlating with the degree of functional impairment (21, 22) . The obese phenotype of Mc4r mutant mice comprises hyperinsulinemia, hyperleptinemia associated with delayed peripheral and hypothalamic leptin resistance, accelerated longitudinal growth, as well as obesity and hyperphagia that is sensitive to dietary fat content (18, 21, 23) .
Mice with impaired MC4R action attributable to gene deletion or expression of agouti protein, an antagonist of the melanocortin-1 receptors and MC4Rs, rapidly develop resistance to centrally and peripherally administered leptin (6, 18, 21, 24) . Boston et al. (25) reported that leptin sensitivity is restored in lethal yellow (A y /a) mice when backcrossed onto the B6-V.Lep ob strain, with a partial leptin resistance still observed in males. In the same study, overexpression of agouti in adrenalectomized Lep ob /Lep ob mice had an additive effect on obesity. These results suggest that MC4R regulation of energy balance involves leptin-dependent and -independent functions and that residual MC4R activity functions to prevent additional weight gain of Lep ob /Lep ob mice. The interpretation of these experiments are confounded, however, by recent observations of MC4R-independent stimulation of adipogenesis by agouti (26, 27) . Moreover, intracerebroventricular administration of the potent nonselective melanocortin receptor agonist melanotan-II to A y /a mice still reduces food intake, mediated through MC4Rs (18), suggest significant retention of MC4R function (28) . To further investigate the contribution of MC4Rs to the regulation of energy balance by leptin, we crossed the null Mc4r gene onto the B6-V.Lep ob strain. Overall, our results are consistent with MC4Rs being involved in both leptin and leptin-independent pathways in the regulation of energy intake and expenditure.
Materials and Methods

Animal husbandry
The Pennington Biomedical Research Center Institutional Animal Care and Use Committee reviewed and approved these experiments.
Mc4r
Ϫ/Ϫ mice backcrossed 12ϩ generations onto the B6 background were genotyped as described previously (29 controls were purchased from The Jackson Laboratory. Mice were housed on a 12-h light, 12-h dark cycle (lights on, 0600 -1800 h), and food intake was measured in mice housed in wiremesh caging fed low-fat diets (low-fat diet 12450B, 10% kJ/fat, Research Diets, New Brunswick, NJ) at 1000 h and adjusted for spillage. Fat mass and fat-free mass were measured using nuclear magnetic resonance (NMR) (Bruker Mice Minispec NMR Analyzer; Bruker Optics, Billerica, MA) (30) . Unless otherwise stated, all data presented are from studies using female mice.
Indirect calorimetry
Indirect calorimetry was performed using a 16 chamber Oxymax system (Columbus Instruments, Columbus, OH), as described previously (29) . Chambers were housed in a temperature-controlled incubator set at 28 C. Mice were acclimated 3-7 d to housing in metabolic chambers. Data are presented as total 24-h energy expenditure (in kilojoules per day) or resting energy expenditure (kilojoules per day, mean of the lowest 10% of value assumed to be represent periods with minimal activity). Energy expenditure data were also adjusted for fat-free mass measured by NMR. The respiratory exchange ratio (RER), also known as the respiratory quotient, is the ratio of CO 2 produced to O 2 consumed. RER is inversely related to fat oxidation and positively related to carbohydrate utilization. That is, an increased RER value is an indicator that the animal is using carbohydrates as the preferred fuel substrate.
Blood chemistries
Blood samples were taken between 1000 and 1200 h from mice that had been fasted for 24 h (experiment 1) or 4 h (experiment 3). Insulin (CrystalChem, Downer's Grove, IL) and corticosterone (Diagnostic Systems Laboratories, Webster, TX) levels were measured using commercially available assays. For the third experiment investigating neuroendocrine hormones, mice from experiment 2 were allowed to recover for 2 weeks, such that body weight and daily food intake had returned to baseline. The mice were then treated with either leptin ip as described for experiment 2 or 0.9% saline, for 2 d. On the final day, food was removed at 0700 h, and animals were given a final dose of leptin or saline at 0900 h and then killed at 1100 h.
Leptin treatment
Statistics
All data are presented as mean Ϯ se. Sigmastat software (SPSS, Chicago, IL) was used for statistical analysis. Normality of data distribution was analyzed by Kolmogorov-Smirnov test. Analysis of two or multiple groups of data used either Student's t test or ANOVA, respectively, for normally distributed data. Food intake data were analyzed using two-way ANOVA (genotype and treatment) with repeated measures (treated and untreated). Least significant difference or GamesHowell post hoc tests were performed after ANOVA analysis for data exhibiting homogeneous or nonhomogeneous variance, respectively. Data were separated into different gender groups before analysis. Pearson correlations were performed for normally distributed data. Statistical significance was assumed for P values Ͻ 0.05. Fat mass was significantly increased in double heterozygotes compared with single heterozygotes and wild-type (WT) mice (genotype effects on fat mass and percentage body fat, P Ͻ 0.001; on fat-free mass, not significant) (Fig. 1 , A and C). Between 4 and 10 wk of age, double heterozygotes gained 3-fold more fat mass compared with WT littermates and 2-to 2.5-fold more compared with single heterozygotes (Fig. 1 Ϫ/Ϫ mice compared with WT mice was associated with a significant increase in total and resting energy expenditure, as reported previously (17, 23, 29, 31) (Fig. 2, A and D) . Analysis of the net increase in total or resting energy expenditure, per animal or adjusted for fat-free mass, indicated that the increased energy expenditure associated with severe obesity was attenuated by 50% The interpretation of energy expenditure from lean and obese subjects is difficult because of the heterogeneity in metabolism of tissues and organs (33) (34) (35) (36) . Although body weight or estimates of surface area (body weight to the power 0.75) are often used to normalize data, this is not accurate, because neither accounts for variation in body composition. Although not ideal, fat-free mass is the best predictor of resting expenditure in humans (35) . For experiments comparing a combination of Lep and Mc4r mutant genes, a similar pattern of changes in energy expenditure was observed whether energy expenditure was expressed per animal (Figs. 2, A and D, 3A) or adjusted for fat-free mass (Fig. 2, B mice thus appear to be due to changes in resting or basal metabolic rate and are not due to behavioral differences in spontaneous locomotory movements (Fig. 3, B and C . Analysis by two-way ANOVA with repeated measures indicated a significant effect of leptin treatment on food intake (P Ͻ 0.001) that was dependent on Mc4r genotype (genotypetreatment interaction, P Ͻ 0.05).
Results
Body weight and food intake of
Leptin treatment, irrespective of the method of delivery or genotype, resulted in a significant reduction of body weight (Fig. 5, A, C, and D) . Weight loss associated with leptin injections was more rapid when compared with leptin infusion (12% in 5 d of injections compared with 9 -10% in 14 d for leptin infusion). This might be due to differences in the dose used (10 vs. 45-50 g/d) or the age of mice (6 -7 months for mice implanted with osmotic pump, 3 months for mice given injections). (Fig. 5, A and C) . In experiment 1, weight loss correlated with cumulative food intake over the 14 d of leptin treatment (Fig. 5B) . When data from all three groups of experiment 1 was pooled (n ϭ 18), approximately 80% of the difference in weight loss could be explained by differences in food intake (R 2 ϭ 0.781; P Ͻ 0.001). Similar significant correlations were also observed within each genotype (data not shown). When the data from both groups used for 
Blood chemistries
In experiment 1, serum leptin levels of 1.4 ng/ml (sd, 1.6 ng/ml; range, 0.5-6.2 ng/ml) were observed after leptin infusion, which is within physiological range and compatible with our own unpublished and recently published data for lean mice (29) . There was no significant difference in leptin between the three strains. Fasting blood glucose and insulin levels after 14 d of leptin treatment were not significantly different (data not shown). There was also no significant difference in liver weight, triglyceride content, or expression of genes involved in lipogenesis that are increased in the obese, insulin-resistant state (data not shown). Serum-free fatty acid and triglyceride levels were also not significantly different after 14 d of leptin treatment (data not shown).
After and Lep ob /Lep ob mice were allowed 14 d for body weight and daily food intake to normalize and were then administered a second round of sc injections of either leptin (0.5 mg/kg twice per day) or diluent (0.9% saline) for 2 d (total of four injections). (Fig. 6A ). Blood glucose levels were also not significantly different (Fig. 6B) 
Discussion
Overall, these findings are consistent with a previous report demonstrating an additive effect on leptin and MC4R insufficiency on body weight (25) (25) . Because impaired MC4R function increases body weight in the absence of leptin, the response of hypothalamic melanocortin neurons to leptin-independent signals regulating energy homeostasis appears to retain a significant function in preventing additional increases in adiposity in Lep ob /Lep ob mice. Recent data suggest that POMC neurons respond to a milieu of hormonal and neurotransmitter factors, as well as metabolites such as glucose and fatty acids (37, 38) . Either alone or in combination, these other inputs into melanocortin neurons appear to prevent additional gains in adiposity of Ϫ/Ϫ mice results in a significant 40% increase in 24-h total energy expenditure compared with lean controls, with a net increase of ϩ15.0 Ϯ 2.4 and ϩ15.0 Ϯ 3.0 kJ/d, respectively. This increase in 24-h energy expenditure of severely obese mice is comparable with previous reports (17, 23, 31) and likely represents the greater metabolic demands associated with the large (70 -100%) increase in total body mass. Mc4r mRNA has been colocalized with corticotropin-releasing factor mRNA in the paraventricular nucleus, with intracerebroventricular administration of melanotan-II increasing corticotropin-releasing factor mRNA and serum corticosteroid levels (44) .
The results of the current study suggest that, although MC4R might have an important role as a downstream effector in the thermogenic and metabolic response to leptin, considerable redundancy exists, allowing leptin to bypass the genetic obstruction due to loss of the Mc4r gene. The regulation of energy balance by leptin involves several hypothalamic neuropeptides, in addition to ␣-MSH and MC4R, to regulate energy balance, including NPY, melanin-concentrating hormone, and galanin-like peptide (16, (45) (46) (47) (48) . Any one or all of these neuropeptides might be able to compensate for the loss of ␣-MSH/MC4R in the regulation of energy balance by leptin. In addition, a second melanocortin receptor expressed in the hypothalamus, the melanocortin-3 receptor, is also involved in the regulation of energy balance (49 -51) and might also be able to compensate for loss of MC4R function.
A postnatal surge in leptin during the first week of life is important for the normal development of ␣-MSH-and AgRP-immunoreactive fiber projections from the ARC to the paraventricular nucleus, dorsomedial nucleus, and lateral hypothalamic area (52 suggest that, despite the reduction in the density of hypothalamic ␣-MSH-and AgRP-immunoreactive fibers projecting from the ARC to paraventricular nucleus, MC4Rs retain a significant function in the prevention of increased adiposity in adult Lep ob /Lep ob mice. In summary, these results suggest a complex interaction between leptin and the MC4Rs in energy homeostasis. MC4Rs are required for the full effect of exogenously administered leptin on weight loss, primarily due to impaired inhibition of food intake. Moreover, the results of these experiments using a complete Mc4r knockout support previous data from Lep ob /Lep ob A y /a mice suggesting that leptin-independent mechanisms for the regulation of MC4R activity are significant for normal energy homeostasis. The results from the current experiment also suggest that energy expenditure is a possible mechanism involved in preventing additional increases in adiposity of obese hyperphagic leptin-deficient mice by the MC4R.
